Changes in the CD-1 mouse uterine transcriptome during proestrus and estrus were investigated to help elucidate mechanisms of uterine tissue remodeling during the estrus cycle and their regulation by estrogen and progesterone in preparation of the uterus for pregnancy. Mice were staged beginning at 6 weeks of age, and uterine horns were harvested after monitoring two estrus cycles. Microarray analysis of whole uterine horn RNA identified 2428 genes differentially expressed in estrus compared to proestrus, indicating there is extensive remodeling of mouse uterus during the estrus cycle, affecting ;10% of all protein-encoding genes. Many (;50%) of these genes showed the same differential expression in independent analyses of isolated uterine lumenal epithelial cells. Changes in gene expression associated with structural alterations of the uterus included remodeling of the extracellular matrix, changes in cell keratins and adhesion molecules, activation of mitosis and changes in major histocompatibility complex class II (MHCII) presentation, complement and coagulation cascades, and cytochrome P450 expression. Signaling pathways regulated during the estrus cycle, involving ligand-gated channels, Wnt and hedgehog signaling, and transcription factors with poorly understood roles in reproductive tissues, included several genes and gene networks that have been implicated in pathological states. Many of the molecular pathways and biological functions represented by the genes differentially expressed from proestrus to estrus are also altered during the human menstrual cycle, although not necessarily at the corresponding phases of the cycle. These findings establish a baseline for further studies in the mouse model to dissect mechanisms involved in uterine tissue response to endocrine disruptors and the development of reproductive tract diseases.
INTRODUCTION
The uterus undergoes profound remodeling during the course of the menstrual and estrus cycles [1] . This remodeling may be disrupted by hormonal imbalances, pathogen exposure, and environmental stresses, including exposure to environmental estrogens early in life, leading to the development of disease. Thus, it is important to elucidate endogenous hormone-regulated gene expression pathways associated with uterine tissue remodeling during the menstrual/estrus cycle. Transcriptomic profiles have been characterized in normal human endometrium in relation to endometrial receptivity, focusing on the ''window of implantation,'' which begins on Day 19 or 20 of the menstrual cycle and lasts 4-5 days [2] . Phase-specific changes in endometrial gene expression affect apoptosis, inflammation, signal transduction, transcription, and DNA repair [3] [4] [5] . In addition, the expression of metalloproteinases (MMPs) increases toward the late-secretory phase [4] and decreases in the late proliferative phase [5] . The proliferative phase affects cellular proliferation and differentiation, extracellular matrix remodeling, angiogenesis, and vasculogenesis [5, 6] . Genes related to adhesion and ion channels are also highly expressed at this phase [5] .
The mouse uterus is widely used as a model for the study of steroid hormone signaling, reproductive toxicology, endometriosis, uterine cancer, and the molecular mechanisms of implantation. The uterus undergoes many hormone-driven morphological and functional changes during the estrus cycle (rodents) and menstrual cycle (humans) in preparation for embryo implantation. The murine estrus cycle lasts 4-5 days and includes four distinct stages, diestrus, proestrus, estrus, and metaestrus, with ovulation and mating receptivity occurring in estrus. Estrogen peaked at approximately 1100 h on the day of proestrus, followed later that evening by a surge in progesterone, luteinizing hormone (LH), and follicle-stimulating hormone (FSH). Ovulation occurred at ;0400 h during estrus on the next day [7] . Major changes in uterine gene expression may occur during the estrus cycle; however, our current knowledge of these changes is limited. The most complete assessment identified 61 mouse genes showing differential expression in estrus compared to diestrus, including several immune function, proteinase, and cell cycle genes [6] . Other studies examined changes in the expression of individual genes during the estrus cycle [8] [9] [10] [11] [12] , including circadian clock genes [10] and genes associated with implantation [8] .
Here we characterized on a global scale changes in the mouse uterine transcriptome during estrus and proestrus. We identified large numbers of differentially regulated genes that gave novel biological insight into the functional and morphological changes that occur in the cycling mouse uterus. We found that many of the changes of molecular pathways and biological functions that characterize the transition from proestrus to estrus are also altered during human menstrual cycle, although not necessarily at the corresponding phases of the cycle. These findings are expected to enhance the utility of mouse uterus as a model of human reproductive health and disease and will serve as an important resource for future investigations of uterine tissue physiology, as well as the pathophysiological effects associated with environmental stressors, pathogens, and hormonal disruptors associated with the development of reproductive dysfunction.
All animal studies were performed using approved institutional protocols and federal guidelines. CD-1 mice were purchased from Charles River Laboratories (Wilmington, MA) and bred in the Boston University Laboratory for Animal Care facility. Mice were maintained in polysulfone cages and fed a low phytoestrogen diet (Teklad 2920x; Harlan Laboratories, Indianapolis, IN) and spring water (Poland Springs, Poland, ME) throughout the study. Dams were allowed to deliver naturally, and pups were weaned and separated by sex on Postnatal Day 21, where Postnatal Day 1 indicates the day of birth. Starting on Postnatal Day 42, female offspring were monitored for reproductive stage cycle for two consecutive cycles, as follows: every morning between 800 and 1000 h, a flat small spatula was used to gently swipe the inner edge of the vaginal opening. The tissue swipe was smeared on to a glass slide, sprayed with a cytology spray fixative (Safetex; Andwin Scientific; Woodland Hills, CA), and stained with the Papanicolaou staining system (Accustain Papanicolaou staining system; procedure no. HT40; Sigma Aldrich Corp., St. Louis, MO). Estrus cycle stages were determined based on vaginal cytology [13] . Mice were euthanized by cervical dislocation between 1300 and 1600 h on the day of proestrus or estrus, and uterine horns were collected. Uterine horn swelling intrinsic to proestrus was used as an additional indicator to validate estrus cycle stage assignments at the time of dissection. Uterine horns were homogenized in Trizol reagent (Ambion, Carlsbad, CA) and frozen at À808C prior to RNA isolation. To validate our observations of transcriptome changes in the whole uterine horns during the transition from proestrus to estrus, we analyzed gene expression changes in lumenal epithelium of uterine horns. Epithelial cells were isolated by enzymatic digestion as described previously [14] with modifications. Briefly, uterine horns from 3-5 mice at the same stage of estrus cycle were slit lengthwise and incubated in 3 ml of 1% trypsin (Sigma) in sterile  Hanks balanced salt solution without Ca  2þ , Mg   2þ , and phenol red (Gibco; Life Technologies, Grand Island, NY) for 1 h at 378C. After vortexing for 10 sec at no. 5 setting, the supernatant was collected and centrifuged for 10 min at 3000 3 g. The cell pellet was resuspended in TRIzol reagent and frozen at À808C.
RNA Isolation and Microarray Analysis
RNA was isolated using TRIzol reagent and quantified using a NanoDrop 1000 instrument (Thermo Fisher Scientific, Wilmington, DE). RNA quality was assessed using a Bioanalyzer (Agilent Technologies, Santa Clara, CA). All samples had RNA integrity values .8.0. Samples were pooled for microarray analysis to give an average expression of genes in proestrus or estrus across individuals and litters, as follows. Six litters were used to generate two pools of whole uterine tissue for estrus and two pools of whole uterine tissue for proestrus, in which estrus pool 1 and proestrus pool 1 consisted of mice from the same three litters and estrus pool 2 and proestrus pool 2 consisted of mice from the other three litters. Each pool was composed of whole uterine tissue RNA from n ¼ 4-6 individual mice. Seven litters were used to generate two pools of uterine lumenal epithelial cells at estrus and two pools of uterine lumenal epithelial cells at proestrus. Each pool consisted of lumenal epithelial RNA isolated from n ¼ 4-5 individual mice and n ¼ 3-4 individual litters.
Labeling, hybridization, scanning, and initial microarray analysis were conducted at the Wayne State University Microarray facility as detailed elsewhere [15] . Briefly, Alexa 555 and Alexa 647 dyes were used for labeling, and samples were hybridized with whole mouse microarrays (mouse array platform GE 4x44K version 2, catalog no. G4846A; platform GPL10333; Agilent). A dye swap was included for each estrus cycle stage comparison. Linear and locally weighted scatter plot smoothing (LOWESS) normalization were performed for each microarray using Feature Extraction software (Agilent). Feature Extraction analysis also calculates the variation of pixel intensity for each feature (spot) on the array. These error measurements were input to the Rosetta error model, which provides a gene-specific estimate of error by incorporating two elements, a technology-specific estimate of error and an error estimate derived from replicate arrays [16] . The technology-specific component uses an intensity-dependent model of error derived from numerous self-self hybridizations. By including the technology-specific estimate, the Rosetta error model minimizes false positives that result from underestimation of error when a small number of replicate arrays are available, thus increasing the statistical power. For two-color microarrays, the Rosetta error model derives a log-ratio error estimate from the individual error estimates of each sample (color) used in the cohybridization. Then, for each feature, an average log ratio and associated P value are obtained from replicate measurements (arrays) using the Rosetta error model error-weighted averaging method. The average ratio is then calculated by weighting the ratio from each sample inversely proportional to the variance of that sample. This produces an averaged ratio with the smallest possible error. Validation with spike-in experiments has demonstrated that the Rosetta error model has superior accuracy in detecting and quantifying relative gene expression compared to other statistical methods commonly used in microarray analysis [17] . Direct experimental validation is provided in the present study for 14 differentially regulated genes, where quantitative PCR (qPCR) analysis of n ¼ 8-11 individuals per group gave results fully consistent with those obtained by microarray analysis (Table 1 , Fig. 1 , Supplemental Fig. S1 ; all Supplemental Data are available online at www.biolreprod.org). Genes meeting the following criteria were considered differentially regulated between estrus and proestrus: absolute fold-change (jfold-changej) .2, P , 0.005, and ''well above background'' in both arrays for estrus (in the case of estrus upregulated genes) or proestrus (in the case of proestrus upregulated genes) or both, as specified in the Feature Extraction files (Agilent). Duplicate (redundant) microarray probes were identified and removed as described previously [15] . The complete list of regulated genes are provided in Supplemental Tables S1 and S2. The number of genes showing .2-fold differential expression was 2966 in whole uterine horns and 2950 in lumenal epithelium. Thus, the number of genes expected to meet the .2-fold change criteria and the significance threshold of P , 0.005 by chance was 0.005 3 2966 genes for whole uterine horn microarrays and 0.005 3 2950 genes for lumenal epithelium microarrays or approximately 15 genes in each set. The actual number of genes that met these fold change and P value thresholds was 2428 in whole uterine horns and 2251 in lumenal epithelium, corresponding to apparent false discovery rates (FDR) of 15/2428 ¼ 0.62% and 15/2,251 ¼ 0.67%, respectively. Microarray data are available for download from the Gene Expression Omnibus website (www.ncbi.nlm.nih.gov/geo/) as series GSE43064 and GSE46814.
Validation by qPCR
Total RNA extracted from uterine horns of individual mice was treated with RQ1 DNase (Promega, Madison, WI) and reverse transcribed using a high capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA). Primers were designed using Primer Express version 2.0 (Applied Biosystems) and are listed in Supplemental Table S3 . Triplicate 5-ll real-time PCR mixtures, each containing Power SYBR Green PCR Master Mix (Applied Biosystems), qPCR primers, and cDNA template were loaded onto a 384-well plate and run through 40 cycles on an ABS 7900HT sequence detection system (Applied Biosystems). Data were analyzed using the manufacturer's SDS software version 3.0. Relative quantification was determined using the DDCt method [18] with normalization to 18S RNA. A standard t-test was used for comparison of expression levels in estrus and proestrus. If variances between the two groups were statistically different, as determined by an F-test, then a Mann-Whitney nonparametric t-test was applied. DCt values were used when comparing groups of samples [19] . Samples with undetermined Ct values for all 3 technical triplicates, indicating no or very little expression, were assigned a Ct value of 40.
DAVID, Ingenuity Pathway Analysis, and Gene Set Enrichment Analysis
Genes meeting our criteria for differential expression between estrus and proestrus were subject to Database for Annotation, Visualization and Integrated Discovery (DAVID) analysis (DAVID bioinformatics resources version 6.7) [20] and Ingenuity Pathway Analysis (IPA; Ingenuity Systems, www.ingenuity. com) for cluster and enrichment analysis. Two lists of genes were used for this analysis: 1) whole uterine horn genes differentially expressed in estrus versus proestrus .2-fold at P , 0.005, and 2) the subset of this list which showed the YIP ET AL.
same direction of differential expression in uterine lumenal epithelium at P , 0.005, with no minimum fold change. Agilent microarray annotations were used as a reference list against which the P value of each GO term was calculated. The set of enriched annotation terms was determined using DAVID functional annotation chart with the threshold of minimum gene counts belonging to an annotation term set at 50. An Expression Analysis Systematic Explorer (EASE) score 0.05 and a false discovery rate 10% were used to indicate significant enrichment (whole uterine horns, Supplemental Table S4 ; lumenal epithelium, Supplemental Table S5 ). Clusters of functionally related genes were determined using DAVID gene functional classification tool on the basis of their annotation term co-occurrence (whole uterine horns, Supplemental Table S6 ; lumenal epithelium, Supplemental Table S7 ). DAVID Functional Annotation Clustering was used to cluster annotations having similar gene members (whole uterine horns, Supplemental Table S8 ; lumenal epithelium, Supplemental Table S9 ). The stringency was set to ''high'' in both analyses. IPA core analysis was carried out using the top 800 differentially regulated genes in estrus versus proestrus to fall within the recommended limit of IPA for gene numbers. Agilent microarray gene annotations were used as a reference set for data analysis, and the analysis was run against all mammalian tissues and cell lines. Canonical pathways identified by IPA as significantly associated with differentially expressed genes are shown in Supplemental Table S10 and Supplemental Figure S2 for whole uterine horns and in Supplemental Table S11 for lumenal epithelium. The top networks generated by IPA (P , 10
À9
) are shown in Supplemental Table S12 and Supplemental Figure S3 for whole uterine horns and in Supplemental Table S13 for lumenal epithelium. Gene set enrichment analysis (GSEA) [21] was used to investigate whether the microarray datasets showed enrichment for any of 3272 curated C2 gene sets (available at www. broadinstitute.org/gsea/index.jsp) collected from online pathway databases, from publications in PubMed, and from knowledge of domain experts. Cutoff values were set at a false discovery rate of 0.05 and normalized enrichment score of !2. Significantly enriched data sets are shown in Supplemental Table S14 for whole uterine horns and in Supplemental Table S15 for lumenal epithelium.
RESULTS

Microarray Analysis and qPCR Validation
A total of 2428 genes were differentially regulated in whole uterine horns during estrus compared to proestrus (see Supplemental Table S1 ), with 1127 genes significantly upregulated and 1301 genes significantly downregulated in estrus compared to proestrus (.2-fold change, P , 0.005). Fifty-six of the differentially regulated genes showed large (.10-fold) differences in expression between estrus and proestrus. qPCR analysis of 14 of the differentially regulated genes validated the microarray results in a large set (n ¼ 20) of individual mice (Table 1 , Fig. 1, Supplemental Fig. S1 ). A total of 1212 genes of the 2428 genes showing differential regulation in whole uterine tissue were also differentially expressed (P , 0.005) in the same manner in uterine lumenal epithelium (see Supplemental Table S16 ).
DAVID and IPA Analysis of Differentially Regulated Genes
The primary annotation terms enriched in whole uterus at estrus versus proestrus included signal peptide, glycoprotein, extracellular matrix, developmental protein, calcium ion 
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binding, and cell adhesion (see DAVID functional annotation analysis in Supplemental Table S4 ). Gene clusters (gene groups) identified using the DAVID gene functional classification tool included serine protease inhibitors (cluster 3), collagens (cluster 5), Wnt signaling pathway (cluster 6), peptidase activity (clusters 7 and 9), epidermal growth factor (EGF) (cluster 10), chemokines (cluster 11), MHCII (cluster 13), ion channel and transport (clusters 12, 14, 16), keratins (cluster 15), ATP-binding cassette transporters (cluster 17), cytochromes P450 (Cyp; cluster 18), mini-chromosome maintenance (MCM) proteins (cluster 23) (Supplemental Table  S6 ). Clusters of annotation terms with enrichment scores !2 are shown in Table 2 . The following enriched categories were validated for the subset of differentially expressed genes that were regulated in the same direction in isolated lumenal epithelial cells (Supplemental Tables S5, S7 , and S9): signal peptide, glycoprotein, extracellular region, MCM proteins, cytochrome P450, peptidase activity, serine protease inhibitors, collagen, retinoid acid metabolism, antigen presenting, keratin, ion channels, and Wnt signaling pathway.
The top five Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways and the top five IPA canonical pathways enriched in whole uterus are presented in Table 3 . These pathways include steroid and fatty acid metabolism catalyzed by Cyp and other enzymes. The top five networks generated by IPA (score of !25) are presented in Supplemental Figure S3 . These networks are described as follows: 1) cell morphology, cellular assembly and organization, nervous system development, and function; 2) cancer, cellular movement, and reproductive system development and function; 3) cellular development, connective tissue development and function, skeletal and muscular system development, and function; 4) cellular growth and proliferation, tissue development, and cell morphology; and 5) cell-to-cell signaling and interaction, hematological system development and function, and immune cell trafficking. Top networks constructed from the estrus versus proestrus differential genes validated for epithelial cells include similar descriptors: cell cycle, cell morphology, cellular movement, assembly and organization, cell, tissue, organ, and organism development, cell signaling, cell-mediated immune response, and cancer (Supplemental Table S13 ).
IPA transcription factor analysis identified 10 transcription factors (absolute regulation z-score [jregulation z-score j] .2) in whole uterus that may contribute to the gene expression changes observed in our experimental dataset (Table 4) , as determined by changes in expression of each transcription factor's target genes. Three of the transcription factors (E2f1, Nr1i3, Hnf4a) themselves showed .2-fold differential regulation in our data set. Four of the 10 transcription factors (E2f1, Hnf4a, Smarcb1, and Hnf1a) also had a jregulation z-scorej .2 and/or were regulated .2-fold in lumenal epithelium of uterine horns (Supplemental Table S17 ). The relationship of the 10 transcription factors to each other and to their regulated gene targets is shown in Figure 2 .
Gene set enrichment analysis. Whole uterine tissue and isolated lumenal epithelium showed significant enrichment for 101 and 423 data sets from the C2 curated GSEA databases, respectively (Supplemental Table S14 and S15). Enriched gene sets that represent pathways from curated databases (KEGG, Biocarta, and Reactome) are shown in Supplemental Tables S18 and S19. The largest group of enriched pathways relates to cell division. The genes in these cell division pathways are upregulated in estrus versus proestrus. Other curated pathways upregulated in estrus in whole uterine tissue are the Wnt and hedgehog signaling pathways, while complement and coagulation-related pathways and steroid metabolism are upregulated in proestrus. The Wnt pathway is also enriched in epithelial cells. Many of the other gene sets retrieved by GSEA relate to cancer, which can be explained by the up regulation of genes related to cell division in estrus. As an example, one of the top enriched gene sets (normalized enrichment score ¼ 2.45 for whole uterine tissue and 3.62 for isolated lumenal epithelium) is comprised of 134 genes upregulated in patients with aggressive cervical carcinoma [22] , 74 of which contribute to the high enrichment score (Fig. 3) . The 134 genes comprising this data set relate to the terms cell cycle, nuclear division, M phase of mitotic cycle, regulation of cell cycle, DNA replication and chromosome cycle [22] .
DISCUSSION
The present genome-wide microarray study shows that the remodeling of uterine tissue during the transition from proestrus to estrus is widespread, involving the differential regulation of 2428 genes and affecting ;10% of all proteincoding genes. These gene expression changes were associated with molecular pathways and gene networks that describe uterine tissue remodeling and other processes required for preparation of the uterus for embryonic implantation, as discussed below, and as highlighted by the gene groups presented in Supplemental Table S20 . Moreover, ;50% of these genes were also differentially expressed in the same direction in uterine lumenal epithelium. Given these estrus cycle-dependent changes in gene expression, it is essential to control for the stage of the estrus cycle when investigating the effects of xenoestrogen exposure on biological outcomes related to uterine function and gene expression.
Genes Affecting Uterine Morphology, Architecture, and Tissue Remodeling
Our findings indicate that the uterine extracellular matrix (ECM) undergoes substantial rearrangement between proestrus and estrus. Similarly, the endometrial connective tissue matrix undergoes major remodeling during the menstrual cycle [23] , in particular during the proliferative phase of the cycle [24] . Collagen, a major component that provides strength and shape to the uterine ECM [25] , was enriched in the DAVID gene functional classification. Five collagen genes were upregulated in whole uterine tissue in estrus compared to proestrus, while ten others were downregulated (Supplemental Table S20A ). Collagen content is known to differ in human uterus during pregnancy and later during the postpartum involution [26] . Collagen content increases up to 8-fold at term compared with the nonpregnant state and undergoes rapid resorption following parturition. Different collagen types have distinct spatiotemporal expression patterns during decidualization and pregnancy in rodents [27, 28] .
Dynamic changes in the uterine extracellular architecture are regulated in part by MMPs, matrix-degrading serine proteinases, and their inhibitors [23] . We found that the top differentially regulated functional clusters included many proteases and protease inhibitors (Supplemental Table S20B , S20C), consistent with the regulation of mouse uterine proteases and their inhibitors during the estrus cycle and pregnancy [29] . The MMP genes 3, 8, 10, 11, and 12 were upregulated in estrus, while three serine proteinases (Prss46, Tmprss5 and Tmprss9) were upregulated and nine were downregulated (Prss genes 23, 28, and 29 and Tmprss genes 4, 11a, 11bnl, 11d, 11e, and 13). The Tmprss genes 11a, 11b, and 11e belong to the type II transmembrane serine protease family implicated in cancer [30] . The serine protease cluster includes kallikrein 1 and several related peptidases, all of which were downregulated in estrus relative to proestrus (Supplemental Table S20B ). Kallikrein 1 is downregulated in estrus relative to diestrus [6] and is increased by estrogen treatment [31] . Consistent with this, kallikrein 1 was upregulated in proestrus, i.e., when estrogen levels are high. Correspondingly, during the menstrual cycle in humans, MMP3 and MMP10 increase during the late-secretory phase, peak at menstruation and then decrease in the late proliferative phase [5] .
The serine protease inhibitor cluster was highly enriched in the set of differentially regulated genes ( Table 2) . Individual genes were upregulated (Serpinb7, Serpinb11, Sepine2, Spink2, Spink8, Spink12, Spinlw1) or downregulated (Serpina4-psl, Serpina6, Serpina9, Serpinb1a, Serpinb1c, Serpinb5, Spink3, and Spink13) in estrus compared to proestrus. Spink3 may play an important role in implantation, as indicated by its association with stromal cell decidualization [5] . Serpine2 and Serpinb7 are expressed primarily in the lumenal and glandular epithelium of the uterus [29, 32] . Serpine2, a plasminogen activator inhibitor involved in tissue remodeling in mouse uterus, is highly expressed during the estrus cycle and pregnancy [29] . Serpine2 is upregulated during implantation and may be involved in tissue remodeling during implantation [29] . Serpinb7 is expressed in uterine tissue and may play a role in regulation of epithelial proliferation [32] . Serpinb7 expression is suppressed by estrogen treatment [32] , consistent MOUSE UTERINE TRANSCRIPTOME IN ESTRUS AND PROESTRUS with our finding that Serpinb7 expression is low in proestrus (i.e., at the time of the surge in estrogen levels). Another change in uterine structural gene expression identified here involves keratins and occurs during the transition from proestrus to estrus. Many keratin genes were differentially regulated in estrus (Supplemental Table S20D ). Keratins participate in cornification of the epithelium, which is a universal mechanism for formation of an epithelial barrier against the environment in vertebrates [33] . The decreased expression of many keratin genes in estrus is likely due to the decreased number of cornified epithelial cells in the uterine lumenal lining at estrus and may be a functional analog of the desquamation that takes place during menstruation in humans [24] . Cornification of the vaginal epithelium is estrogen regulated [34] and is a common response to xenoestrogen exposure [35] . Keratins are likely involved in formation of an epithelial barrier in preparation for implantation all along the Müllerian duct. Estrogen exposure induces estrogen receptor-a dependent uterine expression of genes related to keratinization (Krt6a, Krt13, Krt19, Sfn, Sprr1a, Tgfbi, Tgm2) in the late phase response, i.e., 24 hr after estrogen stimulation [38] . We observed downregulation of 6 of these genes in mouse uterus at estrus, both in whole uterine horns and in the lumenal epithelium data sets, although the differential regulation was less than 2-fold in epithelial cells.
Cell Adhesion Genes
Implantation involves stable adhesion of the embryo to the epithelium; however, the molecular mechanisms of this interaction are poorly understood. Presently, we identified many cell adhesion molecules that are regulated in estrus, in preparation for implantation [36] (Supplemental Table S20E ). Cadherins, which mediate cell-cell interactions by calciumdependent binding [37] , catenins, which regulate cadherin activity [38] , and several related molecules were upregulated (Cdh2, Ctnnd2, Dact1, Pcdh20), and one protocadherin (Pcdh17) and other members of the cadherin superfamily, were also downregulated in estrus (Dsc2, Dsg2, Dsg3). Calcitonins regulate surface cadherins [39] and integrins [40] by increasing intracellular calcium. Two calcitonin-related peptides (Calca, Calcb) were downregulated, while calcitonin receptor (Ramp1) was upregulated during estrus. Several mucin genes that play a role in embryo implantation [36] were downregulated in our data set (Muc4, Muc13, Muc20). Integrins mediate the attachment of cells to each other or to the ECM. Three integrins were downregulated (Itga1, Itga6, 
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Itgam), and one was upregulated (Itgax) in estrus compared to proestrus. Members of the immunoglobulin superfamily are cell-cell receptors involved in cell adhesion [41] . Four members of this family were downregulated (Alcam, Ceacam, Dscam, Tcam1) and one was upregulated (Madcam1). Another cell adhesion molecule, Trophinin (Tro), was upregulated, although it is not absolutely required during early implantation [42] . Cd164 was downregulated and Cd44 was upregulated in estrus. These glycoproteins may play a role during embryo attachment based on their localization on the apical surface of lumenal epithelial, glandular and stromal cells [36] . Two galectins belonging to a family of calcium-independent bgalactoside-binding proteins were upregulated (Lgals1, Lgals3) and one was downregulated (Lgals9). These proteins may act by cross-linking carbohydrate chains on the cell surface and the ECM [43] . Cycle-dependent expression of galectins was observed in human endometrial stromal cells (Lgals1) and in epithelial cells (Lgals3) [44] . Thus, many adhesion molecules important for successful implantation are regulated in the course of the estrus cycle.
Cell Proliferation
Tissue remodeling during the proestrus-estrus transition is accompanied by extensive cell proliferation, as indicated by the enrichment of many pathways and annotation terms related to DNA replication and cell division (Table 3, Supplemental  Tables S18 and S19 ). For example, many MCM proteins were upregulated in estrus. These proteins help initiate DNA replication and are also involved in replication elongation [45] . Coordinated activation of mitotic pathways is also reflected in the enrichment in GSEA analysis of gene sets related to different cancer types. The involvement of the same genes in uterine tissue remodeling during the reproductive cycle and in cancer pathogenesis implies that a normal cycling uterine tissue may switch to a carcinogenic state by disruption of hormonal regulation. This suggests that a better understanding of reproductive tissue tumors may come from studies of the interactions of stressors with mechanisms of menstrual/estrus cycling. In humans, genes involved in cell proliferation, including MCM proteins, peak during the proliferative stage of the menstrual cycle [24] .
Chemokines and Immune Cells
DAVID gene functional classification identified a cluster containing C-C and C-X-C motif chemokines, which were either upregulated (Cxcl14, Cxcl15, Ccl17, Ccl19, Ccl21a, Ccl21b) or downregulated in estrus (Ccl7, Ccl11, Ccl12, Cxcl17) (Supplemental Table S20F ). Ccl17 and Ccl19 display chemotactic activity for T and B lymphocytes, and their up regulation in estrus is associated with increased lymphocyte attraction. Conversely, three potent monocyte chemoattractants, Ccl7, Ccl12 and Cxcl17 [46] [47] [48] , have higher levels of expression in proestrus, indicating a relative decrease in monocyte attraction in estrus. In the human menstrual cycle, monocyte attraction peaks during mid-secretory phase [24] . The changes in chemokine expression in mouse correspond to known dynamics of leukocytes in the cycling uterus. In mice, macrophage density is lowest at diestrus, when estrogen drops to its lowest level and increases to comprise 20% of the stromal cells at proestrus under the influence of estrogen [49] . The monocyte population may differentiate into tropic macrophages, which are involved in morphogenesis and tissue regeneration, or to macrophages with immunological functions [50] . The direction of differentiation is determined by the balance of cytokines [51] , of which the ratio of the two colony-stimulating factors Csf1 and Csf2 is pivotal in regulating the transition between immunosuppressive and immunostimulatory phenotypes [52] : Csf1 locally blocks the maturation of dendritic cells, so that they are unable to present antigens, and promotes the development of trophic macrophages, whereas Csf2 directs macrophages towards more cytotoxic and antigen-presenting phenotypes. In our dataset Csf2 was upregulated and Csf1 was downregulated in estrus compared to proestrus, although the differential expression of both genes was ,2-fold. This   FIG. 3 . Example of a cancer-related gene set enriched in GSEA: the gene set, consisting of 134 genes upregulated in aggressive cervical carcinoma [22] , is enriched in the set of genes upregulated in estrus compared to proestrus with a normalized enrichment score ¼ 2.45. Genes are ordered along the x-axis in order of descending estrus:proestrus expression ratio.
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suggests that macrophage differentiation switches to a more immunostimulatory phenotype during estrus. This observation is supported by the up regulation in estrus of eight MHCII genes (Supplemental Table S20F ), suggesting an increase in antigen-presenting cells in the uterus during estrus, consistent with an earlier report in rat uterus [53] . Antigen-presenting cells are under estrogen control as seen in ovariectomized rats treated with estradiol, which stimulates epithelial cells and inhibits stromal cells antigen presentation [54] . In humans, MHC genes are upregulated during the late secretory phase of the menstrual cycle [24] .
Complement and Coagulation Cascade
Many genes of the complement and coagulation cascade have a lower level of expression in estrus than in proestrus (Supplemental Table S18 ). Estradiol stimulates the synthesis of C3, whereas simultaneous or delayed administration of progesterone inhibits its synthesis [55] , consistent with our finding that C3 is elevated in proestrus compared to estrus. Conceivably, other complement and coagulation cascade genes may be regulated in a similar manner. Interestingly, C3 is responsive to xenoestrogens and is used as a biomarker of xenoestrogen exposure [56] . Assuming the entire cascade has a similar mechanism of hormonal control in the uterus, xenoestrogens may lead to disruption of this pathway. Activation of the blood coagulation cascade and the innate immune response occur during mid and late-secretory phase of the menstrual cycle in humans [24] .
Metabolic Genes
Many Cyp genes are differentially regulated during estrus compared to proestrus: 5 are upregulated and 20 are downregulated (Supplemental Table S20G ). These Cyp gene alterations affect several pathways and functional clusters ( Table 2, Table 3 ). The down regulation of Cyp7a1, Cyp8b1, and Cyp39a1, as well as other genes, contributes to the downregulation of steroid and bile acid metabolism in estrus (Supplemental Table S18 ), although down-regulation of Cyp7a1 and Cyp8b1 was ,2-fold. The canonical pathway of androgen and estrogen metabolism was also suppressed (Table  3) , due in part to decreased expression in estrus of several glucuronosyltransferases, hydroxysteroid dehydrogenases, dehydrogenase/reductase (Dhrs9), and arylsulfatase (Arsi) (Supplemental Table S20G ). In contrast, Cyp genes active in steroid hormone biosynthesis (Cyp11a1, Cyp11b1) were elevated. Cyp11a1 is regulated by LH [57] , and its activation may be due to the peak in LH secretion the first night of estrus [58] . Fatty acid metabolism was also inactivated in estrus, reflecting the down regulation of genes from the Cyp2, Cyp3 and especially Cyp4 families. Cyp26a1, which catalyzes retinol metabolism and is upregulated in estrus relative to proestrus, is important for implantation, as a reduction in its expression has been associated with a decreased rate of pregnancy and fewer implantation sites in mice [59] . Metabolically active genes are predominant during the early and mid-secretory stages of the human menstrual cycle, with steroid biosynthesis genes peaking during the late secretory phase [24] .
Ion Channels
DAVID analysis identified several ligand-gated ion channels as enriched, many of which are active in synaptic signaling in the nervous system. These include ionotropic glutamate receptors subunits: AMPA receptor subunit Gria3 (downregulated), kainate receptor subunits (Grik3, up; Grik4, downregulated) and NMDA receptor subunit Grin2c (upregulated). Also upregulated in estrus were receptors for nicotinic acetylcholine (Chrna4, Chrna6, Chrnb1, Chrnb3), GABA (Gabra4, Gabrb3), and glycine (Glrb) (Supplemental Table  S20H ). AMPA receptors are primary found in the myometrium, and endometrial glands in rat and in the myometrium in Macaca fascicularis, whereas NMDA receptors are more specific to the endometrial glands in rats and widespread in the uterus of macaque [60] . The role of nicotinic acetylcholine receptors in uterine physiology is suggested by the beneficial role of nicotine in the pathological process of endometriosis as was shown by the inverse correlation of cigarette smoking and the risk of having endometriosis [61] .
Signaling Molecules and Transcriptional Regulators in Estrus versus Proestrus
Regulation of uterine cyclicity is under the tight control of ovarian estrogen and progesterone; however, the cascade of events triggered by these hormones and the transcription factors that mediate steroid hormone signals during the estrus cycle are only partly understood. Here, we identified several transcription factors whose gene targets were differentially regulated in estrus versus proestrus. The most significantly enriched signaling clusters were Wnt signaling and Hedgehog signaling (Supplemental Table S18 ). IPA identified another set of 10 transcription factors, whose putative targets were differentially expressed in estrus versus proestrus (Table 4) . Of these, E2f1, Hnf4a, Nr1i3 deserve special attention as they themselves were regulated in the direction predicted from the analysis of their target genes. Finally, a group of 19 helix-loophelix containing transcription factors were differentially regulated ( Table 2; Supplemental Table S20I ).
Wnt Signaling
Wnt signaling was activated in estrus versus proestrus uterus (Fig. 4) , with 9 members of the Wnt family upregulated. Six Fzd genes, which are extracellular surface Wnt receptors that mediate intracellular signal transduction, were also upregulated (Supplemental Table S20J ). Wnt/b-catenin signaling is important for regulation of endometrial proliferation and differentiation [62] . Moreover, several downstream Wnt/bcatenin targets are regulated by estrogen and progesterone [63] . Wnt/b-catenin signaling changes during the menstrual cycle [64] and helps prepare the endometrium for embryo implantation [65] . In mice, three Wnt family members (Wnt4, Wnt5a, and Wnt7a) have been identified in the female reproductive tract [66] . Null mutation of these genes or alteration of their expression by endocrine disruptors impacts prenatal and postnatal development of the Müllerian duct [67] . Wnt4-null mice fail to form Müllerian ducts and die at birth as a result of numerous defects [68] . Wnt5a is expressed throughout the uterine mesenchyme, whereas Wnt7a is expressed only in endometrial lumenal epithelium [69] . Altered expression of Wnt genes has been implicated in different pathological states in the reproductive system. For example, neonatal exposure to the xenoestrogen diethylstilbestrol disrupts endometrial gland development and is associated with suppression of 5 genes [70] . Activated Wnt/b-catenin signaling is often found in endometrial cancer [71] . According to one hypothesis, estrogen signaling that is either enhanced or unopposed by progesterone may permanently activate Wnt/b-catenin signaling leading to endometrial hyperplasia and cancer [72] . Activation of Wnt signaling is a characteristic of the menstruation phase in cycling human uterus [24] .
Hedgehog Signaling
Another estrus cycle-dependent developmental pathway identified is hedgehog signaling (Fig. 5) . Indian hedgehog (Ihh) and desert hedgehog (Dhh) but not sonic hedgehog (Shh) 
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were upregulated in estrus compared to proestrus, as were several other hedgehog pathway genes (Supplemental Table  S20K ). This up regulation is indicative of the uterus being in a proliferative state in estrus. Ihh expression in the lumenal and glandular epithelium of the uterus increases in response to progesterone receptor signaling [73] and studies using transgenic mice showed that hedgehog signaling is essential for implantation [74] . The role of hedgehog signaling in the regulation of the reproductive cycle and the mechanisms of its interplay with other developmental pathways are only partially understood. The hedgehog pathway interplays with Wnt and Hoxa signaling during rodent Müllerian duct development, with hyperactivation of hedgehog signaling leading to abnormal development of the female reproductive tract, altered levels of Hoxa13 and Wnt5a expression, and an aberrant inflammatory response to mating [75] .
Transcription Factors With Poorly Known Role in Uterine Physiology
Little is known about the role in uterine physiology of several differentially expressed transcription factors identified by IPA. Although E2f1 is a known cell cycle regulator [76] , its role in the health and disease of the female reproductive system is just beginning to emerge. E2f1 is overexpressed in cervical cancer [77] and E2f1 response elements are enriched in promoters of genes that are differentially expressed in proliferative versus mid-secretory phase and in early secretory versus mid-secretory phase of the menstrual cycle, suggesting a role for E2f1 in preparation of the endometrium for embryo implantation [78] . Hnf1a, a transcription factor required for expression of many liver-specific genes, is also expressed in mouse uterus and oviduct [79] . In humans, mutation of the related transcription factor Hnf1b is associated with rudimentary uterus (Müllerian aplasia) [80] . Cebpa activates P450 aromatase activity, which is characteristic of endometriotic stromal cells but not eutopic endometrium and catalyzes estrogen biosynthesis [81] . Clock is a major component of the mammalian circadian clock [82] ; mutation of Clock disrupts estrus cyclicity and interferes with the maintenance of pregnancy, although dysregulation of cyclicity likely occurs at the hypothalamic level [10] .
Three other differentially regulated transcription factors identified by IPA (Hnf4a, Smarcb1, and Trim24) have no known targets in the uterus. Hnf4a controls expression of many hepatic genes, and has been implicated in the development of different organs. Smarcb1 is part of a complex that relieves repressive chromatin structures, allowing the transcriptional machinery to access its targets more effectively by sliding and/ or ejection of nucleosomes [83] . Trim24 mediates transcriptional control by interaction with the activation function-2 region of several nuclear receptors, including estrogen, retinoic acid, and vitamin D3 receptors. Trim24 can act as a corepressor with retinoic acid and vitamin D receptors, and as coactivator for the estrogen receptor [84] and shows female-biased expression in mouse liver [85] .
Nr1h2 (LXRB), Nr1h3 (LXRA), and Nr1i3 (CAR), encode ligand-activated transcription factors of the nuclear receptor superfamily. These proteins bind to DNA as heterodimers with retinoid X receptor (RXR) and regulate the transcription of target genes. CAR targets are primarily involved in hepatic and intestinal drug metabolism and bilirubin clearance, and include cytochrome P450 family members. LXRA and LXRB are key regulators of macrophage function, controlling transcriptional programs involved in lipid homeostasis and inflammation. LXRA is inducible by oxidized forms of cholesterol and intermediate products of the cholesterol biosynthetic pathway and is highly expressed in select tissues, whereas LXRB is ubiquitously expressed [86] . LXRB is required for proper induction of uterine contractions and may play a role in the regulation of cholesterol homeostasis by limiting cholesteryl ester levels as a mechanism for protection of the uterus against cholesterol accumulation [87] .
This study provides a global view of gene expression in mouse uterus during estrus and proestrus, and shows that (at least) 14 genes are validated as useful markers to differentiate estrus from proestrus. The mouse uterus was shown to undergo a remarkable tissue remodeling during the course of the estrus cycle, involving significant changes in the expression of at least 10% of all known protein-coding genes, with many of the differentially regulated genes validated in independent analyses carried out in isolated uterine lumenal epithelial cells. Several of the genes and gene networks identified have been implicated in pathological states, including response to xenoestrogen exposure, endometriosis, and cancer, and may help elucidate cancer and other diseases of the reproductive tract as a result of cycle disturbance. Finally, many of the pathways and biological functions that are altered in mouse uterus during the transition from proestrus to estrus also show significant changes in expression during the human menstrual cycle, although not necessarily at the corresponding phases of the cycle. Proestrus combines some features of the early (increased metabolism), mid (increased metabolism, monocyte attraction, and innate immunity) and late (blood coagulation cascade) secretory phases, while estrus encompasses a mosaic of molecular changes characteristic of late secretory phase (activation of MHC, steroid biosynthesis), the menstrual phase (increased expression of MMP proteins, decreased keratins, activated Wnt signaling), and the proliferative phase (enriched ECM remodeling, and cell proliferation, including up-regulation of MCM genes). These differences between the estrus and menstrual cycles should be considered when using the mouse as a model for studies of human reproductive health and disease.
